I . I N T R O D U C T I O N
Endogenous growth models emphasize innovation and trade as vehicles for technological spillovers that permit developing countries to catch up to industrialized countries. Coe and Helpman (1995) and Engelbrecht (1997) demonstrate an empirical relationship between accumulated R&D expenditures and total factor productivity (TFP), and show that the bene®ts of R&D can spill across countries through trade. Since open economy endogenous growth models predict convergence only when knowledge spills over perfectly between countries, these ®ndings have implications for countries considering trade liberalization and economic integration policies. However, generalization of the above ®ndings to speci®c countries is somewhat problematic given that the empirical evidence is for OECD member countries only. While Coe et al. (1997) extend their sample and estimate the elasticity of TFP in developing countries with respect to R&D stocks in industrialized countries, they assume that domestic R&D capital is negligible in developing countries. This assumption seems untenable for some of the`high income' Asian countries considered in their sample, suggesting possible omitted variable bias in estimation results.
This paper examines the role that R&D activity plays in technological progress for a sample of OECD and Asian nations from 1980 to 1995. The study contributes to the received literature by providing the ®rst empirical study of Asian countries using explicit measures of domestic R&D expenditures. An empirical model is estimated which relates TFP to domestic and foreign R&D activity, TFP catch-up and business cycle variables. Model estimates are used to investigate whether the determinants of OECD and G7 TFP growth are similar to those of Chinese Taipei, India, Indonesia, Korea, Singapore and Thailand. The paper is organized as follows. Section II develops the empirical model of TFP and international R&D spillovers, and describes the data used in empirical estimation. Model estimates are reported in Section IV. Elasticities of TFP with respect to domestic and international R&D, respectively, are contained therein. Section V presents conclusions.
I I . E M P I R I C A L M O D EL A N D D A TA
Following Coe and Helpman (1995) and Engelbrecht (1997) , the empirical model of TFP is:
where i is a country index, t indexes the year, DRD is domestic R&D capital stock, G7 equals one for G7 countries and zero for non-G7 countries, Asia equals one for Asian countries (Chinese Taipei, India, Indonesia, Korea, Singapore and Thailand), and zero for non-G7 and Asian countries, (M/Y) is the import to GDP share (a measure of trade openness), (M/Y) log FRD is import weighted foreign R&D capital, Country equals zero for country i 6 j ( jˆUS) and zero otherwise, CU (catch-up) is country i TFP divided by US TFP, CYC is the growth rate of real GDP, ¬ 1 is the elasticity of TFP with respect to domestic R&D, ¬ 2 is the elasticity of TFP with respect to foreign R&D, and e is a white noise error term.
1 When ¬ 2 is the same for any country group, the foreign R&D elasticity varies in proportion to national import to GDP shares. The arguments G7. log DRD and Asia. log DRD allow the eOEect of domestic R&D on domestic productivity to diOEer for G7 and Asian countries, while (M/Y) log FRD allows foreign R&D capital to aOEect TFP through trade. When the estimate of the interaction of trade with foreign R&D capital stock is positive, then the eOEect of foreign R&D on domestic TFP is larger the more open the economy is to foreign trade. The interaction of country with (M/Y) log FRD captures country-speci ®c eOEects of trade weighted foreign R&D capital on TFP. When ¬ 4i is positive, then the interaction of trade weighted foreign R&D on domestic TFP for country i is larger than country j. A catch-up argument is included in Equation 1 to account for innovation outside of the R&D sector, while the business cycle variable (CYC) captures cyclical variation in productivity growth.
Annual data for 1980 through 1995 are collected by country group: G7 (Canada, France, Germany, Italy, Japan, United Kingdom and the US); Non-G7 (Australia, Denmark, Finland, Ireland, Netherlands, Norway, Spain, and Sweden); Asia newly industrialized (NICs) (Chinese Taipei, Korea and Singapore); and Asia low income (LICs) (India, Indonesia and Thailand). R&D capital stocks are calculated using the perpetual inventory method with a depreciation rate ®xed at 5% . Foreign R&D capital stocks are obtained by weighting the average of domestic R&D capital stock by the twenty most important trading partners bilateral import shares. TFP series are calculated by:
where Y is GDP, K is capital stock, L is labour force and is the labour share of output. ; 1991, 1993, 1995) , SORC (1996 SORC ( , 1997 , Summers and Heston (1991) World Bank (1997) .
Means, standard deviations and growth rates for TFP and R&D are reported in Table 1 and Table 2 , respectively. Chinese Taipei had the highest rate of TFP growth for the entire sample at 8.5% per annum (p.a.), while Thailand has the highest TFP growth rate, 4.9% p.a., among LICs. TFP growth in the NICs and LICs is substantially higher than G7 and non-G7 country groups. Of the OECD countries, Germany (2.7% p.a.) and Ireland (2.5% p.a.) had relatively high TFP growth rates over the sample period. Table 2 shows that NICs had the highest growth rate in domestic R&D capital stock of all country groups at 14.7% p.a. Korean domestic R&D capital stock growth is the strongest (18.5% p.a.), followed by Chinese Taipei (15.3% p.a.) and Singapore (10.4% p.a.). The LICs experience is mixed with strong domestic R&D capital stock growth in India (8.9% p.a.) and Thailand (7.9% p.a.), whilst Indonesia had the weakest growth for the entire sample (1% p.a.). Non-G7 countries (5.2% p.a.) experience higher growth in domestic R&D capital stock than G7 countries (3.9% p.a.). Ireland and Finland had relatively high rates of domestic R&D growth, whilst UK domestic R&D growth is the second smallest for the sample at 1.2% p.a.
I I I . M O D E L E S T I M A T E S
Equation 1 is estimated using Kmenta's GLS crosssectional heteroscedastic and time-wise autoregressive model. Foreign R&D capital are weighted by a one period lagged import to GDP share to allow for non-instantaneous transmission of foreign R&D spillovers (Engelbrecht, 1997) . A dummy variable (GR) is included to account for the reuni®cation of Germany (GR equals one for iˆGermany and t > 1989, and zero otherwise). Regression results are reported in Table 3 .
Model estimates show that TFP catch-up is negative, indicating that TFP across the sample converges toward US TFP. The business cycle variable (CYC) is signi®cant, indicating a positive relationship between macroeconomic activity and productivity growth. Domestic R&D has a positive eOEect on TFP, and the impact is higher in Asian countries. Nine of the 21 foreign R&D coe cients are signi®-cant, indicating spillovers from foreign R&D through trade.
TFP elasticities with respect to domestic R&D capital stock, and country-speci®c TFP elasticities for international R&D spillovers, are listed in Table 4 . All elasticities have plausible magnitudes, lying in absolute value between zero and one. The elasticity of TFP for domestic R&D in the NICs and LICs is approximatel y six times the size of the corresponding elasticity for OECD countries. On average, 1% increases in domestic R&D capital stock raises Asian and OECD output by 0.3% and 0.05% , respectively. A joint F-test shows that seven of the eleven signi®cant R&D spillover elasticities are positive. 4 Chinese Taipei, France, Germany, Indonesia, Ireland, Japan and Thailand record positive spillovers, while negative spillovers are found for Canada, Finland, Korea and Sweden. Coe and Helpman (1995) , IMF (1984 IMF ( , 1990 IMF ( , 1996 IMF ( , 1997 , Indonesian Ministry of Industry and Trade (1997), ILO (1991 ILO ( , 1993 ILO ( , 1995 , Korean Ministry of Science and Technology (1997) , National Science and Technology Board (1996 ), OECD (1996 , SORC (1982 SORC ( , 1996 SORC ( , 1997 , Thai O ce of Policy and Planning (1997), UNESCO (various issues), World Bank (1997) . 5 4 Country-speci®c international R&D spillover elasticities are obtained by adding country-speci®c foreign R&D estimates to the US foreign R&D estimate. 5 Some R&D expenditure series are not complete for the period 1980 to 1995. To complete these series an equation is estimated regressing the logarithms of real R&D on real output and investment to interpolate missing values (Coe and Helpman, 1995) . R&D data are de¯ated by the rule:
where PR is an R&D de¯ator, P is a GDP price de¯ator and W is the average wage.
V . C O N C L U S I O N S
This study examines the role R&D plays in technological progress for a sample of OECD and Asian countries. Model estimates show TFP tends toward the US value, and the TFP growth path is pro-cyclical TFP and domestic R&D capital growth are positively related. Domestic R&D has a relatively large impact on TFP growth in the NICs and LICs, which suggests that it is not appropriate to assume that the role of domestic R&D capital is negligible in developing countries. Following Engelbrecht (1997) , country-speci ®c spillover estimates are obtained by interacting country dummies with foreign R&D capital. Mixed signs for country-speci®c international R&D spillover elasticities are reported. Chinese Taipei, France, Germany, Indonesia, Ireland, Japan and Thailand have positive spillovers, whilst Canada, Finland, Korea and Sweden have negative spillovers. No apparent pattern by country group is evident. This ®nding supports Engebrech's (1997) conclusion that estimates of sample average R&D spillover elasticities should be cautiously interpreted.
Finally, future research must develop appropriate measures of domestic R&D capital for non-OECD countries. Alternative transmission mechanisms for international R&D spillovers, such as education and training received abroad, telecommunication s and foreign direct investment, should also be considered.
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